An anthraquinone -graphene structure was fabricated and applied for the removal of lead(II) from aqueous solution. The equilibrium occurred in about 10 min revealing the high adsorption rate at the beginning of the process. The maximum Pb(II) adsorption capacity of the Fe 3 O 4 @DHAQ_GO nanocomposite was about 283.5 mg g À1 that was observed at 323 K and pH 5. 
Introduction
Lead ions are a severe environmental concern and can contaminate drinking water resources.
1,2
The maximum contaminant level (MCL) of Pb 2+ for drinking water is 10 ppb set by EPA and national standard organizations. 3, 4 The strict limitations on discharge effluents containing Pb 2+ into natural water bodies are due to the high toxicity potential for vital organs such as brain and kidney.
2 Different methods are currently applied for the removal of high concentrations of lead ion that can be found in industrial wastewaters; [5] [6] [7] [8] whereas only a few methods e.g. using functionalized adsorbents 9, 10 and membrane technologies 11 can be adapted for the capturing of low concentrations (around 1 ppm) commonly occurring in drinking water sources. Furthermore, avoiding alteration of the natural ion matrices of drinking waters during the removal of a certain target contaminant is a consideration especially for membrane-based water treatment technologies. 12, 13 New generation adsorbents such as graphene oxide and carbon nanotubes show metal adsorption capacities much more than those of traditional adsorbents.
14 For example, the ordinary adsorption capacity of activated carbon is less than 70 mg g À1 , whereas graphene oxide nanosheets are capable of reaching an adsorption capacity of 4000 mg g À1 .
Graphene oxide is an emerging carbon-based nanomaterial that has revealed the promising adsorptive properties. Despite the graphene (G) and reduced graphene oxide (RGO), the graphene oxide (GO) creates a highly stable aqueous dispersion. 16 This property leads to increase the effective contacts with target contaminants without vigorous mechanical mixing. The dispersability properties of GO is attributed to the plenty hydrophilic functional groups covering the GO akes. 17 The GO ake surface contains various functional groups including epoxy and hydroxide, whereas the edge of akes mainly contains the carboxylic groups.
18
In recent years, using Pb 2+ selective membrane electrodes (ISE) have been extensively studied with different active materials to determine lead ion concentration in water and wastewater. 19, 20 The active materials are mainly consisting of ligands or Schiff bases, which are known as ionophores. 21 It has been revealed that some ionophores such as anthraquinone, [22] [23] [24] methacrylate, 25 and nucleic acids 26 have the selective affinity to lead ion. The main drawback regarding to the most of ionophores is their hydrophobic nature which makes them unusable to create aqueous solution for the lead ion removal. 27 Using GO akes as the aqueous dispersion agents can provide an appropriate platform for the attachment of ionophores and producing a water dispersible GO-ionophore composite. 
Materials and methods

Materials
Graphite powder (particle size 20 mm), tetraethyl orthosilicate (TEOS), (3-aminopropyl) triethoxysilane (APTES), n-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC$HCl), and 1,8-dihydroxyanthraquinone (DHAQ) were purchased from Sigma-Aldrich, Ltd. Co. All other chemicals such as sodium nitrate (NaNO 3 
Instrumentation
The prepared nanocomposite was characterized applying SEM (MIRA3, TESCAN®, Czech), AFM (SPM, VEECO®, USA), FTIR (Spectrum One, Perkin-Elmer®, USA), XRD (Philips®, Netherlands), UV-Visible spectrophotometer (Perkin-Elmer®, USA), TEM (EM900, Zeiss®, Germany), TGA (TGA 4000, PerkinElmer®, USA), and pHpzc. The initial and nal concentration of Hg(II) were measured by using an ICP-OES (ARCOS, SPECTRO®, Germany). pH was adjusted by using a MITEC-965 (micra®, India) pH meter. A thermostatic shaker (Innova 4340, Eppendorf, Germany) was used to study the batch experiments.
Characterization
A Hitachi-S4160 scanning microscope were used to provide SEM images (Tokyo, Japan). The AFM measurements were obtained by using a Nanoscope V multimode atomic force microscope (Veeco Instruments, USA). Samples prepared for the AFM measurements contained dispersions of GO/methanol solutions (70 mg mL
À1
) smeared on a fresh mica surface and allowed drying in the air. 
where, C 0 and C t are the Pb 2+ initial and nal concentrations (mg L À1 ), x ads is the adsorbent mass (g), V is the reactor volume (L), and 1000 is a conversion factor. A Spectro Arcos ICP-optical emission spectrometer (SPEC-TRO Analytical Instruments, Kleve, Germany) was used for the measurement of Pb 2+ concentrations.
The parameters of isotherm and kinetic equations were determined by applying Solver engine of Microso Excel spreadsheet soware 34 based on nonlinear forms of the equations.
Selectivity study
Two independent studies were conducted to investigate the capability of Fe 3 ions was measured by using ICP-OES. The distribution coefcient K d (mL g À1 ), selectivity coefficient k, and the relative selectivity coefficient k were determined by eqn (2)- (4), respectively.
where, C i and C f are the initial and nal concentrations of metal ions, respectively. ) at pH 7 for 1 h and then the adsorbents were separated by applying an external magnetic eld and the residual quantity of metal ions was determined by ICP-OES. Aer that, the adsorbents were regenerated in 25 mL Erlenmeyer ask containing 10 mL 0.02 mol L À1 eluent to completely leach metal ions at room temperature for 6 h. The concentration of metal ions released from adsorbent into the aqueous phase was measured by ICP-OES. Desorption ratio (D) was determined by using the following equation:
Desorption and regeneration
) is the amount of metal ion desorbed into the elution medium.
) is the amount of metal ion adsorbed onto the Fe 3 O 4 @DHAQ_GO nanocomposite.
Results and discussion
It is well known that various derivatives of anthraquinone are able to form stable complexes with a variety of metal ions in some non-aqueous solvents 35, 36 and anthraquinone-lead(II) complexes are among the most stable ones. 37, 38 Applying the graphene oxide provides the active sites for the anthraquinone that can be covalently bonded and produced a hydrophilic property which is appropriate for the adsorption of Pb 2+ in the aqueous solution.
Characterization studies
The FT-IR spectra for GO, Fig. 2(a) ). The stretching assigned to the adsorbed water molecules is observed at 1621 cm À1 assigning also to the skeletal vibrations of un-oxidized graphite.
42,43
In Fig. 2(b Fig. 3(a) ) presents a height of 0.732 nm in cross-section A-A as shown in Fig. 3(c) . 51 As represented in XRD patterns corresponding to Fe 3 O 4 @SiO 2 -GO, the reection peak (002) belonging to GO was disappeared. It is assumed that the GO sheets cover the Fe 2 O 3 nanoparticles and it hinders the stacking of sheets to create a crystalline arrangement.
52
The vibration sample magnetization (VSM) was used to determine the magnetic characteristics of fabricated materials contained Fe 3 O 4 . Fig. S4 
where, K L is the Langmuir adsorption constant (L mg À1 ) and q m represents the maximum adsorption capacity attributing to the complete monolayer coverage of the adsorbent (mg g À1 ).
Furthermore, K F (mg g
À1
) and n F (unit less) are the Freundlich constants. K S (L g À1 ) and n S are the Sips equation parameters denoting the affinity constant and surface heterogeneity, respectively.
54,55
As represented from Table 1 , the R 2 values indicated that Sips model has better t with the experimental results then Langmuir and Freundlich models. Fig. 5 depicts the nonlinear functions of Sips model tted to the experimental points obtained from the batch studies in different temperatures. The Sips equation containing three parameters having the capability to apply for both the homogeneous and heterogeneous systems. 56 The surface heterogeneity of adsorbent should be considered if the deviation of n S values from 1 is observed. 55, 57 However, the Sips isotherm reach a constant level at high concentrations while a pattern of Freundlich model can be observed at low concentrations.
57
As revealed from Fig. 5 ) which can be due to the heterogeneity characteristic considered in the Sips model. 58 Increasing the deviations of n S and n F values from unity can be assigned to develop the nanocomposite surface heterogeneity over raising the temperature. and 10 mg L À1 were studied over corresponding times. The kinetic models; Lagergren-rst-order (eqn (9)) and pseudosecond-order (eqn (10)) were applied for determining the appropriate function to describe the kinetic behavior of the batch systems.
where, q t and q e are the sorption capacity (mg g À1 ) at time t and at the equilibrium time, respectively. k 1 and k 2 correspond to the pseudo-rst-order and pseudo-second-order rate constants, respectively.
59,60
Fig . 6 illustrates tting the non-linear forms of pseudosecond kinetic model to the experimental points. As shown, the equilibrium was took place sooner for the batch systems underwent lower Pb 2+ initial concentrations. Table S1 † presents kinetic parameters of Pb 2+ removal obtained by using the non-linear forms of pseudo-rst and pseudo-second kinetic models (eqn (9) and (10)). As found in Table S1 , † according to the R 2 values, the pseudo-second model has better t to the experimental points and K 2 are increased by increasing the temperature, both are the evidences favor the chemisorption occurring. 
where, R is the gas constant (8.314 J mol À1 K À1 ), K c (q e /C e ) is equilibrium constant at different temperatures, and T is the absolute temperature (K). Eqn (11) calculates DG 0 values assigning to the obtained temperature shown in Table 2 . , pH 7, contact time 60 min) ). Points: experimental data at given temperature, lines: Sips model. (12), respectively. 
64-66
68-70
As represented in Table 2 , increasing the temperature tends to lower values assigned to DG 0 conrming that the adsorption is more efficient at the higher temperatures. The above mentioned aliquots containing binary ions were exposed to the functionalized (Fe 3 O 4 @DHAQ_GO) and pristine (GO@SiO 2 -Fe 3 O 4 ) nanocomposite through independent batch experiments. Table 3 shows the results of distribution coefficient K d (mL g À1 ), selectivity coefficient k, and the relative selectivity coefficient k obtained from eqn (2)- (4) , Cd 2+ ) in the case of their effect on lead removal and to assess the capability of the nanocomposite for the retaining of lead adsorption capacity aer several washing steps in the presence of other cations. As observed, the removal capacities of Pb 2+ ion was remained more than 111 mg g À1 over ve regeneration steps using the desorption agent EDTA-2NA 0.01 N. Furthermore, increasing the sorption capacity assigned to the four coexistence ions were almost negligible conrming the notable stability of the nanocomposite structure over several regeneration experiments. The stability of the Pb 2+ and Fe 3 O 4 @DHAQ_GO complex was conrmed via the adsorption/desorption experiments. The conventional methods for evaluating the regeneration and reusability of adsorbents are according to the consecutive adsorption/desorption steps in batch volumes containing deionized water solution inoculated with the target pollutant. Consequently, the effects of coexistence ions are neglected, especially when the reusability of adsorbents having selectivity properties is considered.
77
Here, we put forward a facile approach to investigate the reusability of Fe 3 O 4 @DHAQ_GO in aqueous ion matrices containing different competitor divalent cations (Fig. 8) 
Conclusions
In this work, a novel hydrophilic nanocomposite based on GO was synthesized comprising an anthraquinone derivative having selective removal capability for lead. Fe 3 O 4 nanoparticles was used as a magnetic agent to facilitate the separation of nanocomposite from aqueous solution. Also, GO was used as a dispersible platform to obtain the hydrophilic property for the nanocomposite and preparing enough surface area to proceed the adsorptive mechanisms. The morphology and structure of the obtained adsorbent was characterized by UV-Vis, FT-IR, SEM, XRD, and TGA. The synthesis rout was simple and DHAQ was an environmental friendly compound without toxic effect. The selectivity characteristics of the nanocomposite was evaluated through two different methods including controlled ion matrices and the natural ion matrices obtained from drinking water samples. Furthermore, the regeneration and reusability studies were conducted in the presence of coexistence ions. It seems that Fe 3 O 4 @DHAQ_GO nanocomposite can be a promising selective removal agent for the removal of lead from polluted waters and industrial discharges.
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